The influence of transforming growth factor ␤ (TGF-␤) signaling on Neu-induced mammary tumorigenesis and metastasis was examined with transgenic mouse models. We generated mice expressing an activated TGF-␤ type I receptor or dominant negative TGF-␤ type II receptor under control of the mouse mammary tumor virus promoter. When crossed with mice expressing activated forms of the Neu receptor tyrosine kinase that selectively couple to the Grb2 or Shc signaling pathways the activated type I receptor increased the latency of mammary tumor formation but also enhanced the frequency of extravascular lung metastasis. Conversely, expression of the dominant negative type II receptor decreased the latency of Neu-induced mammary tumor formation while significantly reducing the incidence of extravascular lung metastases. These observations argue that TGF-␤ can promote the formation of lung metastases while impairing Neu-induced tumor growth and suggest that extravasation of breast cancer cells from pulmonary vessels is a point of action of TGF-␤ in the metastatic process.
M
embers of the transforming growth factor ␤ (TGF-␤) family of cytokines suppress the growth of multiple epithelial cell lineages (1) . Components of the TGF-␤ signaling pathway are disrupted in certain human tumors, arguing for a tumor-suppressive role in these cancers (2) . Moreover, resistance of many breast cancer-derived cell lines to growth inhibition by TGF-␤ infrequently results from inactivating mutations of the TGF-␤ receptors or their substrates, the Smad transcription factors (2) . The ability of TGF-␤ to induce an epithelialto-mesenchymal transition in transformed mammary epithelial cells contributes greatly to the invasive phenotype (3, 4) . Furthermore, late-stage human breast tumors often display increased TGF-␤ expression (5, 6) that is thought to exert angiogenic and immunosuppressive effects in the tumor microenvironment (7, 8) . These observations argue that primary tumor cells can reprogram their response to TGF-␤, converting this cytokine into a tumor invasion and immunosuppression factor (7) .
Less is known, however, about the role of TGF-␤ in metastasis. TGF-␤ has been shown to promote osteolytic metastasis by delivery of breast cancer cells to the bloodstream of mice (9) . The ability of tumor cells to invade and metastasize relies on the acquisition of concrete functions and an ability to influence and respond to their environment (10) . Because of its multifunctional nature, TGF-␤ might influence several processes during the metastatic cascade.
Mammary tumorigenesis and subsequent metastasis has been modeled through the use of transgenic mice. Expression of a WT Neu receptor tyrosine kinase (11) or oncogenic versions of this receptor (12) (13) (14) in the mammary epithelium of transgenic mice leads to the development of metastatic mammary tumors. These observations support a causal role for the Neu receptor tyrosine kinase during mammary tumorigenesis and confirm numerous studies correlating overexpression of ErbB-2, the human orthologue of Neu, with a poor clinical prognosis in breast cancer patients (15) .
To dissect the importance of individual signaling pathways in Neu-induced mammary tumorigenesis, transgenic mice expressing oncogenic versions of Neu that couple to the Grb-2 [Neu(YB)] or Shc [Neu(YD)] adaptor proteins have been characterized (16) . Mouse mammary tumor virus (MMTV)͞ Neu(YB) mice develop focal mammary tumors that frequently metastasize to the lungs whereas MMTV͞Neu(YD) animals develop multifocal mammary tumors with low incidence of pulmonary metastases (16) . We have used these transgenic strains in conjunction with mice expressing an activated TGF-␤ type I receptor (T␤RI) or dominant negative TGF-␤ type II receptor (T␤RII) in the mammary gland to investigate the effects of TGF-␤ signaling on Neu-induced mammary tumorigenesis and metastasis. While suppressing Neu-induced mammary tumor growth, TGF-␤ signaling increased the subsequent formation of lung metastases by enhancing the extravasation of breast cancer cells into the lung parenchyma.
Materials and Methods
Plasmid Construction. The MMTV͞T␤RI(AAD) and MMTV͞ T␤RII(⌬Cyt) expression constructs contain the human T␤RI and T␤RII cDNAs in pMMTV-simian virus 40 (17) . Riboprobes are directed against nucleotides 459 -1044 of T␤R I (NM004612), nucleotides 307-932 of T␤RII (NM003242), and nucleotides 493-783 of mouse ␤-actin (X03765).
formed by the Transgenic Mouse Core Facility (Memorial Sloan-Kettering Cancer Center). Transgenic progeny were identified by Southern blot analysis using a fragment corresponding to the simian virus 40 polyadenylation cassette (17) as described (20) . Mammary tumor formation was monitored in nulliparous mice by weekly physical palpation.
Histological and Immunohistochemical Analysis. Samples from developing mammary glands were obtained from 8-to 12-week-old female mice. Lactating samples were obtained from females nursing litters for 7-10 days, and litter sizes were normalized to four pups to equalize the pressure for milk production. Wholemount analyses were performed by using the left thoracic mammary gland (21) . Detection of apoptotic cell death was performed by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assay as described (22, 23) . To measure mammary epithelial cell proliferation, female mice were injected i.p. with 50 g͞g of body weight of BrdUrd (Roche Molecular Biochemicals) at 2 h and again at 1 h before death. Immunohistochemistry with an anti-BrdUrd antibody (Roche Molecular Biochemicals) was performed by using the Vector M.O.M. Immunodetection kit (Vector Laboratories) following the manufacturer's instructions.
Mammary tumors and lung tissue were harvested from mice bearing tumors for 60 days, and histological services were provided by HistoServ (Gaithersburg, MD). Lung metastases were identified by microscopic analysis of lung sections. Intravascular metastases are defined as a group of tumor cells that are either free floating or lodged in a pulmonary vessel, without invasion through the vessel. Extravascular metastases are defined as tumor cells that colonize the lung by growth into the parenchyma. In mammary tumors and lung metastases, proliferating cells were detected by immunohistochemistry using an anti-phospho-histone H3 antibody (Upstate Biotechnology, Lake Placid, NY) on an automated Discovery Staining Module (Ventana Medical Systems, Tucson, AZ).
Morphometric Analysis. Apoptotic and proliferation indices were quantified by using METAMORPH software (version 4.5r5). The number of positively stained cells was manually counted in 15 high-power fields (ϫ400) at each stage of mammary gland development or five high-power fields for mammary tumors and lung metastases from each genotype. The METAMORPH software was used to define the total area occupied by epithelial cells in each field. The number of mammary cells in each field was then estimated by dividing the total epithelial area by the area of a single cell (defined by the average area of 10-15 individual mammary cells within the field).
Results
Modulation of TGF-␤ Signaling in the Mammary Gland. To assess the role of TGF-␤ in the regulation of mammary tumorigenesis and metastasis in vivo, we first targeted the expression of modified TGF-␤ receptors to the mammary gland to constitutively activate or impair TGF-␤ signaling in mammary epithelial cells and mated these mice to transgenic strains expressing Neu receptors that induce metastatic mammary tumor formation by coupling to distinct signal transduction pathways.
We expressed an activated T␤RI or dominant negative T␤RII under the transcriptional control of the MMTV-LTR promoter͞ enhancer ( Fig. 1 A and B) . The transgene-encoded type I receptor harbors three missense mutations: T204D that constitutively activates the T␤RI kinase (24) and L193A͞P194A that prevent binding of the T␤RI inhibitor, FKBP-12 (25) (26) (27) (Fig.  1 A) . To create a dominant negative T␤RII a stop codon was introduced just downstream of the transmembrane domain, rendering it incapable of phosphorylating and activating the type I receptor (28) (Fig. 1B) . Expression of T␤RI(AAD) and T␤RII(⌬Cyt) was confined primarily to the mammary gland or salivary gland in female mice (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org) and was detectable during all stages of mammary gland development ( Fig. 7 , which is published as supporting information on the PNAS web site).
Decreased Proliferation and Enhanced Apoptosis Contribute to a
Lactaton-Deficient Phenotype in T␤RI(AAD) Mice. Although T␤RII(⌬Cyt) expression had no discernable phenotype through different stages of mammary gland development in 8-to 12-week-old females (data not shown), T␤RI(AAD) expression resulted in a lactation-deficient phenotype. We routinely observed the death of two to three pups from T␤RI(AAD) litters within days after birth, and the remaining pups reared by T␤RI(AAD) dams displayed reduced body weights compared with pups nursed from nontransgenic dams. Moreover, we observed reduced levels of WAP expression throughout pregnancy in the T␤RI(AAD) mice (Fig. 8 , which is published as supporting information on the PNAS web site). Examination of mammary gland whole mounts from virgin females (Fig. 9 , which is published as supporting information on the PNAS web site) or those taken at early time points during pregnancy did not reveal significant differences between T␤RI(AAD) animals and controls. However, a reduction in the amount of mammary epithelium became apparent late during pregnancy (day 15), with a dramatic reduction evident in the lactating glands of T␤RI(AAD) females compared with nontransgenic controls (Fig. 1C Left) , which was confirmed by histological analyses (Fig.  1C Right) . In nontransgenic females, epithelial cell proliferation and differentiation produced lobulo-alveolar structures that completely filled the fat pad with fully dilated lumens containing secretory material at lactation (Fig. 1C, FVB͞N , L.M.GL.). In contrast, the lactating glands of transgenic animals were composed of discrete epithelial islands that failed to fill the fat pad and were composed of dilated lumens of which many were devoid of secretory material (Fig. 1C , AAD, L.M.GL.).
Mammary epithelial proliferation in vivo was assessed by BrdUrd incorporation into DNA, revealing that 3-fold more mammary cells were proliferating in nontransgenic mice at day 12 during pregnancy compared with T␤RI(AAD) females (Fig.  1D ). In addition, terminal deoxynucleotidyltransferasemediated dUTP nick end labeling analysis revealed a marked wave of apoptosis occurred at day 15 during pregnancy in T␤RI(AAD) mice that was not evident in the FVB͞N control animals (Fig. 1E ). These data suggest that the decreased lobuloalveolar density in late pregnant and lactating mammary glands of T␤RI(AAD) transgenic mice results from decreased proliferation and increased apoptosis of mammary epithelial cells.
Suppression of Neu-Coupled Grb2 and Shc-Induced Mammary Tumor-
igenesis by TGF-␤ Signaling. To assess the involvement of the TGF-␤ pathway in both mammary tumor formation and subsequent lung metastasis, MMTV͞T␤RI(AAD) and MMTV͞ T␤RII(⌬Cyt) mice were bred with transgenic mice expressing oncogenic variants of the Neu receptor tyrosine kinase. Two transgenic strains, MMTV͞Neu(YB) and MMTV͞Neu(YD), express Neu receptors harboring a deletion within their extracellular domains, which oncogenically activates the receptors (12, 16) . Moreover, autophosphorylation sites within the cytoplasmic tails of these receptors contain tyrosine to phenylalanine substitutions that impair their ability to activate the full spectrum of downstream signaling pathways normally engaged by Neu. Single tyrosine residues were reintroduced within the Neu cytoplasmic tail to individually restore the Grb2 (YB) and Shc (YD) signaling pathways (16, 29) (Fig. 2A) .
Importantly, both Neu(YB) and Neu(YD) transgenic mice exhibit mammary tumor phenotypes and metastatic potentials that differ in severity. Neu(YD) mice develop multifocal mammary tumors with a relatively low frequency of animals (19%) possessing lung metastases. In contrast, the latency of Neu(YB)-induced mammary tumors is increased and the tumor burden is reduced, yet 67% of these animals develop lung metastases (16) . The different rates of primary tumor growth and metastatic abilities displayed by these transgenic strains provide good model systems for examining whether activation or attenuation of the TGF-␤ pathway can alter the formation of Neu-induced primary mammary tumors or subsequent lung metastases.
Constitutive activation of the TGF-␤ pathway in either a Neu(YB) or Neu(YD) genetic background delayed the onset of mammary tumors relative to the respective Neu monogenic controls ( Fig. 2 B and C) . In contrast, impairment of endogenous TGF-␤ signaling accelerated the kinetics of Neu(YB) mammary tumor formation compared with expression of Neu(YB) alone (Fig. 2C) . Moreover, the observed differences in tumor kinetics do not reflect altered neu transgene expression (Fig. 10 , which is published as supporting information on the PNAS web site) nor are they associated with different histological appearance of the tumors (data not shown) in bigenic strains compared with the respective monogenic controls. Therefore, TGF-␤ signaling functions to impair Neu-induced primary breast tumor formation in the mammary glands of these transgenic mice.
To determine whether inhibition of mammary tumorigenesis in these strains reflects TGF-␤ cytostatic effects, proliferation of tumor cells was determined in situ by immunohistochemical staining for phosphorylated histone H3, a mitotic cell marker (30) . We observed a 4-fold reduction in the percentage of tumor cells undergoing mitosis in the YD͞AAD bigenics versus Neu(YD) controls (Fig. 3A) . T␤RI(AAD) expression also resulted in an Ϸ3-fold reduction in the percentage of proliferating cells in a Neu(YB) genetic background relative to monogenic controls (Fig. 3A) . However, T␤RII(⌬Cyt) did not significantly alter the mitotic potential of Neu(YB) mammary tumors (data not shown).
Mammary tumors were also explanted from four independent Neu(YB) and Neu(YD) mice and analyzed for their growth inhibitory response to TGF-␤ in vitro. Individual Neu(YB) and Neu(YD) mammary tumors were growth arrested by TGF-␤ in a dose-dependent manner (Fig. 3B) . Mammary tumor cultures from Neu(YD) transgenic mice were more sensitive to TGF-␤-mediated growth arrest compared with Neu(YB)-expressing mammary tumors (Fig. 3B) . The ability of T␤RII(⌬Cyt) to accelerate mammary tumor formation in vivo may result from the impairment of endogenous TGF-␤ signaling that exists in these tumors. Indeed, both Neu(YB) and Neu(YD) mammary tumors express transcripts for all three TGF-␤ isoforms (Fig. 11 , which is published as supporting information on the PNAS web site). Therefore, Neu-induced mammary tumor cells express a functional TGF-␤ pathway, rendering them sensitive to TGF-␤- mediated growth suppression and impaired mammary tumor formation.
TGF-␤ Promotes Lung Metastasis of Neu-Induced Mammary Tumors.
Neu(YB)-and Neu(YD)-expressing mammary tumors differ in their metastatic potential to the lung, with Neu(YB) transgenic mice exhibiting the more aggressive phenotype (16) . We observed that 65% of Neu(YB) and 44% of Neu(YD) transgenic animals, that were 2 months tumor bearing, possessed tumor foci in the lungs (Fig. 4A) . The incidence of total lung lesions was not significantly altered in any of the bigenic strains compared with that observed in the Neu monogenic controls (Fig. 4A) .
Upon closer examination, the observed lung lesions fell into two categories: intravascular metastases representing tumor cells that remain fully contained within a pulmonary vessel and extravascular metastases that represent a group of tumor cells that have extravasated from the pulmonary vessel and colonized the lung parenchyma (Fig. 4B) . When the mice with lung lesions were further analyzed, we observed a significant increase in the percentage of YD͞AAD transgenic mice with extravascular lung metastases relative to Neu(YD) controls (Fig. 4C) . Whereas expression of T␤RI(AAD) did not alter the incidence of extravascular metastases in YB͞AAD mice (Fig. 4C) , expression of T␤RII(⌬Cyt) significantly decreased the percentage of extravascular metastases in a Neu(YB) genetic background (Fig. 4C) . When the total number of lung lesions was quantified, we observed that coexpression of T␤RI(AAD) and Neu(YD) increased the frequency of extravascular metastases compared with Neu(YD) controls but did not significantly alter the percentage of extravascular lung metastases in a Neu(YB) genetic background (Fig. 4D) . However, inhibition of endogenous TGF-␤ signaling significantly impaired the ability of Neu(YB)-expressing mammary tumors to metastasize to the lung (Fig. 4D) .
Interestingly, when proliferation within extravascular lung metastases was assessed by anti-phospho-histone H3 immunohistochemistry, no significant changes were observed between Neu(YD) and YD͞AAD transgenic strains (Fig. 4 E and F) . Likewise, the percentage of proliferating cells was very similar in extravascular lung lesions arising in Neu(YB), YB͞AAD and YB͞⌬Cyt transgenic mice (Fig. 4F, data not shown) . Therefore, despite suppressive effects within the primary tumor (Fig. 3A) , TGF-␤ signaling facilitates the formation of extravascular pul- monary metastases that are not growth inhibited in the lung parenchyma (Fig. 4F) .
Discussion
TGF-␤ signaling controls the growth of the normal mammary gland during various stages of development (31) . Although forced expression of an activated T␤RI resulted in underdeveloped mammary glands during pregnancy and a lactationdeficient phenotype, the expression of this construct or a dominant negative T␤RII did not result in discernable phenotypic changes in the mammary glands of virgin mice during the time frame analyzed. These phenotypes are less severe than those described for transgenic mice expressing TGF-␤ or a dominant negative T␤RII in the mammary epithelium (32) (33) (34) (35) . Nonetheless, our results show that this level of TGF-␤1 signaling can impede mammary tumor formation by oncogenic versions of Neu. The constitutively activated T␤RI delayed the onset of mammary tumors induced by Neu receptors that couple to either the Grb2(YB) or Shc(YD) adaptor molecules. Despite these tumor suppressive effects, TGF-␤ signaling ultimately facilitates tumor progression by enhancing the ability of Neu-induced tumors to form extravascular pulmonary metastases (Fig. 5) .
Previous studies have suggested that loss of TGF-␤ function can accelerate tumorigenesis in diverse model systems. Expression of a dominant negative type II receptor can accelerate the onset of carcinogen-induced tumors in a variety of tissues, including the mammary gland (34, 35) . In the present study, we demonstrate the ability of enforced TGF-␤ signaling to oppose the oncogenic ability of Neu receptors that use distinct signaling pathways for transformation. Moreover, the ability of a dominant negative T␤RII to accelerate Neu-induced tumorigenesis demonstrates that the endogenous TGF-␤ pathway can suppress tumor outgrowth.
Recently, a fusion protein consisting of the extracellular domain of T␤RII linked to the Fc component of IgG (Fc:T␤RII) was able to suppress lung metastases in both polyoma virus Middle T-induced and Neu-induced mammary tumors but, unlike our studies, no effect was observed on the growth of the primary tumor (36, 37) . The failure of the Fc:T␤RII antagonist to potentiate polyoma virus Middle T-induced tumorigenesis may reflect the fact that these are aggressively growing tumors that have already lost their sensitivity to TGF-␤-mediated growth arrest (36) . Therefore, disruption of endogenous TGF-␤ signaling would not enhance mammary tumor formation in this mouse model. Fc:T␤RII locally expressed in the mammary epithelium as a transgene did not affect the growth of Neuinduced mammary tumors (37) .
In our study, in vivo tumor cell proliferation induced by Neu(YD) and Neu(YB) was suppressed in the presence of T␤RI(AAD) whereas the latency of tumor formation in Neu(YB) mice was decreased by T␤RII(⌬Cyt). In addition, primary tumor cultures expressing Neu(YD), which signals through Shc, were sensitive to growth inhibition by TGF-␤. TGF-␤ enhances lung metastases despite suppressive effects on primary tumor formation. The onset of Neu-induced mammary tumors is delayed by expression of an activated T␤RI and accelerated by a dominant negative T␤RII. However, activation of TGF-␤ signaling enhances extravasation of Neu-induced mammary tumor cells into lung tissue, which can be impaired by inhibition of the TGF-␤ pathway.
Interestingly, Neu(YB), which signals through Grb2, conferred partial resistance to growth inhibition by TGF-␤ in vitro. Despite these suppressive effects on the primary tumor, T␤RI(AAD) can no longer reduce the proliferative potential of Neu-induced tumor cells that formed extravasated lung metastases. It should be noted that although T␤RI(AAD) is capable of signaling in the absence of TGF-␤, the activity of this receptor can be further enhanced by TGF-␤ stimulation (data not shown). Thus, it is possible that T␤RI(AAD) further sensitizes the tumor cells to the action of TGF-␤ present in the microenvironment by increasing the levels of T␤RI on their cell surface. Once the tumor cells reach the lung, the reduced local concentrations of TGF-␤ may be insufficient to effectively inhibit the outgrowth of the metastatic tumor cells. Alternatively, tumor cells that colonize the lung may have acquired additional mutations that render them insensitive to the growth inhibitory effects of T␤RI(AAD), including c-myc overexpression or the loss of cdk inhibitors such as p15Ink4b or p21Cip1.
Our results indicate that exogenous TGF-␤ signaling enhances the formation of lung metastases whereas inhibition of the endogenous TGF-␤ pathway can suppress lung metastasis of Neu-induced tumors. Although the percentage of mice developing lung lesions was not significantly altered in monogenic versus bigenic animals, the percentage of lesions representing extravasated metastases was higher in the presence of T␤RI(AAD), at least when coexpressed with Neu(YD). Conversely, expression of T␤RII(⌬Cyt) resulted in a greater proportion of Neu(YB)-induced tumor cell lesions remaining trapped within pulmonary vessels. These results argue that the importance of TGF-␤ signaling within the tumor is to specifically enhance the ability of the tumor cells to extravasate into the lung or promote their growth in the lung parenchyma (Fig. 5) . The similar mitotic potential of cells within extravascular lesions, in the absence of significant levels of apoptosis (data not shown), in monogenic and bigenic animals suggests that TGF-␤ signaling plays an important role in promoting tumor cell extravasation. TGF-␤ signaling may facilitate tumor cell extravasation in a cell autonomous fashion by inducing the expression of proinvasive and prometastatic gene products, such as integrins and matrix metalloproteinases (38, 39) .
The pleiotropic effects of TGF-␤ on diverse cell types contributes to multiple steps during the metastatic cascade for those tumor cells that have escaped the growth inhibitory effects of this cytokine (40) . With the present observation, we define a prometastatic function for TGF-␤ during the formation of pulmonary metastases by specifically enhancing the ability of mammary tumor cells to extravasate into the lung parenchyma.
